The structural integrity of the ubiquitous enzyme superoxide dismutase (SOD1) relies critically on the correct coordination of Cu and Zn. Loss of these cofactors not only promotes SOD1 aggregation in vitro but also seems to be a key prerequisite for pathogenic misfolding in the neurodegenerative disease amyotrophic lateral sclerosis (ALS). We examine here the consequences of Zn 2؉ loss by selectively removing the Zn site, which has been implicated as the main modulator of SOD1 stability and disease competence. After Zn-site removal, the remaining Cu ligands can coordinate a nonnative Zn 2؉ ion with M affinity in the denatured state, and then retain this ion throughout the folding reaction. Without the restriction of a metallated Zn site, however, the Cu ligands fail to correctly coordinate the nonnative Zn 2؉ ion: Trapping of a water molecule causes H48 to change rotamer and swing outwards. The misligation is sterically incompatible with the native structure. As a consequence, SOD1 unfolds locally and interacts with neighboring molecules in the crystal lattice. The findings point to a critical role for the native Zn site in controlling SOD1 misfolding, and show that even subtle changes of the metal-loading sequence can render the wild-type protein the same structural properties as ALS-provoking mutations. This frustrated character of the SOD1 molecule seems to arise from a compromise between optimization of functional and structural features. functional evolution ͉ protein disease ͉ protein misfolding
The structural integrity of the ubiquitous enzyme superoxide dismutase (SOD1) relies critically on the correct coordination of Cu and Zn. Loss of these cofactors not only promotes SOD1 aggregation in vitro but also seems to be a key prerequisite for pathogenic misfolding in the neurodegenerative disease amyotrophic lateral sclerosis (ALS). We examine here the consequences of Zn 2؉ loss by selectively removing the Zn site, which has been implicated as the main modulator of SOD1 stability and disease competence. After Zn-site removal, the remaining Cu ligands can coordinate a nonnative Zn 2؉ ion with M affinity in the denatured state, and then retain this ion throughout the folding reaction. Without the restriction of a metallated Zn site, however, the Cu ligands fail to correctly coordinate the nonnative Zn 2؉ ion: Trapping of a water molecule causes H48 to change rotamer and swing outwards. The misligation is sterically incompatible with the native structure. As a consequence, SOD1 unfolds locally and interacts with neighboring molecules in the crystal lattice. The findings point to a critical role for the native Zn site in controlling SOD1 misfolding, and show that even subtle changes of the metal-loading sequence can render the wild-type protein the same structural properties as ALS-provoking mutations. This frustrated character of the SOD1 molecule seems to arise from a compromise between optimization of functional and structural features. functional evolution ͉ protein disease ͉ protein misfolding T he mechanisms by which protein misfolding and aggregation induce cytotoxicity in neurodegenerative disorders are not yet established. For several of these disorders, like e.g., Alzheimer's and Huntington's disease, the precursor proteins are structurally flexible and thus directly free to adopt pathogenic structures (1) . For the motor-neuron disease ALS, however, the precursor protein SOD1 is a stable and perfectly soluble metalloenzyme that needs first to be locally or globally unfolded to acquire pathologic function (Fig. 1) . Consistent with this, a notable property of ALS-provoking SOD1 mutations is decreased protein stability (2, 3) . Although these mutations are only responsible for a small fraction of the ALS cases, accumulating evidence suggests that the more common, sporadic, cases are caused by an analogous mechanism involving the wild-type protein (4) (5) (6) . This seemingly inherent susceptibility of SOD1 to provoke neural damage has drawn attention to the role of the Cu and Zn cofactors. Under normal conditions, the Cu and Zn ions orchestrate the catalytic degradation of superoxide radicals (3), and their removal substantially destabilizes the protein structure (7) . Somewhat unexpectedly, the largest part of this effect has been assigned to the removal of the locally coordinated Zn 2ϩ ion, with a stability loss that matches, or even exceeds, that of the most extreme ALS-mutations (8): The free-energy penalty of Zn removal exceeds 8 kcal/mol (5, 9) , whereas the corresponding value for the ALS mutation A4V is Ͻ5 kcal/mol (2) . At a structural level, Zn depletion is observed to cause distortion of the dimer interface (10), partial loop unfolding and increased solvent accessibility of the Cu 2ϩ ion (11) . More indirectly, metallation of the Zn site also seems to determine the ensemble composition of immature, and potentially disease provoking, SOD1 species in vivo by being a prerequisite for chaperoneassisted loading of Cu (12) . Finally, selective removal of Zn from wild-type protein induced apoptosis in cultured cells (4) . The remaining SOD1 containing just a bound Cu 2ϩ ion did not offer any protection against the observed cytotoxicity, but was rather found to boost it by rendering anomalous catalytic properties to SOD1 (4) . In this study, we examine the role of Zn 2ϩ binding in folding of the SOD1 monomer. This folding step is the first, critical event in the maturation pathway of the native enzyme and is the point where cytotoxic misfolding is most likely to occur. The results show that, in the absence of native Zn ligands, Zn 2ϩ ions bind readily but incorrectly to the SOD1 Cu ligands. As a result the protein is prevented from attaining its correctly folded This article is a PNAS Direct Submission.
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0812046106/DCSupplemental. In this study we analyze a monomeric variant of SOD1 where H63, H71, H80, and D83 have been mutated to S, to mimic a protein that has lost, or fails to coordinate, the native Zn 2ϩ ion. structure: Exclusion of H48 from the inner ligand sphere obstructs the backbone packing and causes local unfolding of the active-site loops.
Results and Discussion
Zn Ligands Compromise the Structural Stability of the apo Monomer.
Similarly to other Ig-like proteins, the apo SOD1 monomer is observed to acquire its structure in a cooperative 2-state transition over a single free-energy barrier (5, 13) (Fig. 2) . This barrier is also the rate-limiting step for dimer formation (5, 13) and the feature that safeguards the integrity of the native structure. Partly structured, and potentially sticky, intermediates are prevented from populating because they are unstable (14) . The most apparent deviation from this cooperative folding pattern is seen in the functional loops IV (residues 48-85) and VII (residues 120-144), which display considerable backbone dynamics in the absence of coordinated metals (15) . To probe the extent of 3-dimensional structure of loop IV in the apo monomer, we mutated the Zn ligands H63, H71, H80, and D83 to S (SOD1 mut apo ). Despite the extensive mutations, the SOD1 mut apo structure remains wild-type-like, indicated by the unperturbed folding m values and HSQC NMR spectrum (Fig. 2 , SI Text, and Fig. S1 ). Even so, the mutations have a clear effect on protein stability: The unfolding rate constant (k u ) decreases and the transition midpoint shifts to higher urea concentrations ( Fig. 2 and Table 1 ). This specific response to mutation indicates that loop IV is not completely unfolded in the apo monomer but retains some degree of ordered structure. Moreover, the unaffected refolding rate constant (k f ) suggests that this structure is only present in the folded monomer and ruptures relatively early in the unfolding process: The net value of ϭ ⌬logk f /(⌬logk u Ϫ ⌬logk f ) for the mutations is Ϸ0 (Table 1 ) (16, 17) . A similarly low value is observed for the mutation C111A in the adjacent loop VI (5) . The most striking effect of the Zn-site mutations, however, is that they stabilize the folded apo structure by Ϸ0.5 kcal/mol ( Table 1 ). The origin of this stability gain could be that the native Zn ligands yield unfavorable desolvation terms and/or loss of conformational entropy upon transfer to the protein interior in the absence of Zn 2ϩ . From the perspective of the folding-energy landscape (18) , such structural penalties give rise to energetic frustration that increases the occupancy of highenergy states in which the Zn-binding loop is fully disordered. Without the Zn site, the occupancy of these intermediates would go down by a factor of 5/2, as crudely estimated from the stability gain upon mutation shown in Table 1 . The Zn site of the SOD1 structure seems thus associated with a drawback in the form of a more labile apo state. Such a conflict between the functional and structural properties of enzymes is not unique for SOD1, but seems to be a general theme in protein evolution (19) (20) (21) .
Effects of Metal Loading. After overexpression and purification, SOD1 mut contains Ϸ25% Cu (Fig. S2) , consistent with the observation that a filled Zn site is required for efficient Cu loading by the coexpressed chaperone CCS (12) . In the remaining fraction of the molecules the Cu site contains a Zn 2ϩ ion. This selective metallation of the Cu site has 2 characteristic effects on the SOD1 monomer (Fig. 2) . It increases protein stability and alters the structure of the folded state. Looking at the chevron data, the latter is indicated by an anomalous reduction of the unfolding m value (m u ) (Eq. 2). Demetallated protein reconstituted exclusively with Zn 2ϩ (SOD1 mut Zn ) yields indistinguishable results. Molecules that carry Cu 2ϩ must then Table 1 ). Zn are insensitive to the mutation H63S, indicating that this native Cu ligand is not part of the coordination sphere in the absence of a filled Zn site (Fig. S2) . The gain of protein stability upon Zn 2ϩ binding to the Cu site is kinetically seen as an increase of k f , accompanied by a decrease of k u , leading to a shift of the transition midpoint (MP) to higher urea concentrations (Fig. 2) . The increased k f observed for the Zn 2ϩ -bound protein, however, shows that the binding of metal to the Cu ligands occurs early in the folding process and lowers the folding barrier. The associated value of ϭ ⌬logk f /(⌬logk u Ϫ ⌬logk f ) ϭ 0.9 (at 0M urea) indicates that the coordination geometry precedes the formation of the folding nucleus (17) . An energetic view of what happens with the folded structure upon coordination of the metal is provided by the selective reduction of m u . In keeping with basic mass-action criteria, this diminished sensitivity to [urea] suggests that the folded monomer has become more denatured-like, i.e., its solvent-accessible surface area has increased (18).
Cu-Ligands Coordinate Metals Already in the Denatured State.
To examine the likelihood of metals coordinating directly to unfolded SOD1, we titrated denatured SOD1 mut apo with Zn 2ϩ
using ITC. The result shows that unfolded SOD1 mut apo binds Zn 2ϩ with an affinity of K U Zn ϭ 180 ϫ 10 Ϫ9 M, in the presence of 7 M urea (Fig. S3 ). Analogous experiments with the more promiscuous Cu 2ϩ ions, however, failed to give reproducible results, possibly because of Cu 2ϩ -promoted aggregation or competing ligation by other side chains. The Cu ligands of unfolded SOD1 seem thus to have the capacity to pick up Zn 2ϩ at physiologically relevant concentrations and to retain this ion coordinated throughout the folding process. Similar coordination behavior was recently reported for binding of Zn 2ϩ to the native Zn ligands (8) . The findings indicate not only how SOD1 avoids Cu loss during natural structural fluctuations, but also raises questions about the actual levels of metal-free protein in vivo. Taken to the extreme, it can even be envisaged that immature SOD1 functions as a ubiquitous Zn 2ϩ reservoir from which the active protein is recruited through metal replacement by the Cu-loading chaperone CCS.
Formal Relationship Between Metal-Binding and Protein Stability.
The effect of metal binding on protein stability is ultimately determined by mass-action: The addition of metal shifts the folding equilibrium toward the species with the highest metalbinding affinity (22) . Here, this species is the folded SOD1 monomer. A general formalism for the link between metal binding and protein stability is presented in Fig. S4 . The first thing to be noted is that the stability change of SOD1 mut shows key agreement with the ITC data: Above 10 M, where both the folded and unfolded states are fully metallated, the folding equilibrium becomes insensitive to further additions of Zn 2ϩ (Fig. S4) . Second, the gain in protein stability, i.e., 3.1 Ϯ 0.2 kcal/mol ( Table 1 ), indicates that the Zn 2ϩ affinity increases 100-fold upon acquisition of the folded state. The dissociation constant is expected to change from K U Zn ϭ 180 nM in the unfolded state to K F Zn ϭ 1.8 nM in the folded monomer. Similar, folding-induced changes in Zn 2ϩ affinity have been reported for azurin (22) and, more generally, for mutational insertion of His pairs to probe folding transition states (23) . As a control of Zn 2ϩ binding to folded SOD1 mut we measured K F Zn directly by ITC, yielding a value of Ϸ13 nM (Fig. S3) . Considering that this measurement is at the detection limit of the ITC instrument, the agreement with the kinetic estimate is quite reasonable. For further discussion of metal binding to SOD1, see Fig. S3 .
Crystal Structure Reveals Obstructive Misligation of the Cu Site. The crystal structure of SOD1 mut Zn was determined to 2.2Å resolution (Fig. 3) . With respect to the central ␤ strands, the structure aligns well with that of monomeric holo SOD1 (24) , having an rms deviation of 0.67 Å for 112 equivalent C␣ positions. However, SOD1 mut Zn displays an unprecedented degree of disorder of loops IV and VII, which are invisible in the X-ray data. In addition, a Zn 2ϩ ion is coordinated tetrahedrally at the Cu site by H46, H120 and 2 water molecules (Fig. 3) . Notably, the loop disorder of SOD1 mut Zn accounts precisely for the increased solvent-accessible surface area of the folded state implicated by the folding data in Fig. 2 . The calculated contribution of loop unfolding to the m D-N value is 30% (16492Å 2 3 11522Å 2 , Fig. S5 ), which is in good accord with the measured 26% change upon metallation (m D-N decreases from 1.13 to 0.84) ( Table 1 ). The good agreement between folding and crystallographic data are a strong indication that the structure reports on the solution properties of the SOD1 monomer.
Strikingly, we also observe that H48 has changed rotamer and is now oriented away from the Zn 2ϩ ion, which is instead coordinated by a water molecule (Fig. 3) . The new orientation of H48 is further sterically incompatible with the native conformation of G61 and P62 in loop IV, explaining why the active site ruptures. Since the folding m values indicate that solvent- accessible surface area of SOD1 mut apo is smaller than for SOD1 mut Zn , we conclude that the rupture of loop IV is induced by metallation rather than preexisting to any large extent in the apo state, i.e., the loop is mainly folded in the apo state and pushed out by the misligation. Due to this rearrangement, the metal ion at the Cu site becomes more solvent accessible than in the correctly folded holo-monomer [1MFM (24)], i.e., 12.6 Å 2 vs. 1.0 Å 2 . Also, the catalytically important R143 is rotated away from its canonical position and adopts a conformation that would clash with the native conformation of A60 in loop IV. Judging from the structure of Zn-site mutated dimeric SOD1 (11), the native H48 rotamer is restored upon dimerization, together with most of the loop IV topology (11) . Even so, this restoration leaves the Cu site slightly more solvent accessible than in the fully metallated protein due to a widened access channel. This increased accessibility of the catalytic Cu to small substrates has been coupled to the gain of anomalous redox activity: The Cu ion becomes more rapidly reduced and reacts with NO to catalyze adverse tyrosine nitration (11, 25) . It is conceivable that the susceptibility to undergo such noxious side reactions is even higher in the more extensively opened-up, Zn-depleted monomers.
From the perspective of protein-aggregation disease, a second interesting effect of the misligation is that residues 128-131 of loop VII stretch out to interact with the ␤-barrel of the neighboring molecule in the crystal lattice. Local unfolding leads to a gain of interaction between the monomers that buries Ϸ560 Å 2 of solvent-accessible surface area per chain. This pattern of protein-protein contacts is essentially the same as that observed in the dimeric ALS mutants apo-S134N and apo-H46R (26) (Fig.  4) in the crystal structure of the Zn 2ϩ -free SOD1 dimer (11) . The fact that the interaction is almost identical in these 4 mutants, representing monomeric and dimeric Zn-deficient forms, which have crystallized with 4 different crystal symmetries, implies that loop VII, unless securely tied down by Zn 2ϩ , possesses an intrinsic propensity to interact erroneously with the edge strands of other SOD1 molecules. If so, failure to correctly coordinate Zn 2ϩ would promote both of the suggested causes of ALS, namely, erroneous catalytic function (25) 
and protein aggregation (3).
Loop Dynamics Confirmed by Solution NMR. As a final test, we investigated by NMR how the crystallographic data relate to the solution structure of the SOD1 monomer. Comparison of the 1 H, 15 N-HSQC spectra of SOD1 pWT apo and SOD1 mut apo lacking the zinc ligands reveals no significant structural difference induced by the mutations (SI Text and Fig. S1 ). Moreover, NMR relaxation measurements can be used to obtain specific information about molecular motion and dynamics. The global rotational correlation time and conformational dynamics of local structural exchange can be estimated from the ratio of the relaxation rates R 1 /R 2 (27) . Very fast dynamics however are related to the NOE phenomenon and may be estimated from the product (NOE-1)R 1 (27) . The results show that SOD1 mut apo exhibits high mobility and ns dynamics in loops IV and VII, similar to what is observed for SOD1 pWT apo (15) (Fig. 5) . According to the folding data these dynamic motions would still occur within a native-like context with restricted access of solvent molecules. Loading of Zn 2ϩ to the Cu site of SOD1 mut apo changes the chemical shifts mainly in the loop regions and in the flanking ␤-sheet (Fig. 5) . Consistent with the crystal structure, these chemical-shift changes suggest a structural reorganization of the loops IV and VII and local changes close to the copper-binding site. Whether the chemicalshift changes in the ␤-strands are due to structural alterations or are just a secondary reflection of the altered loops is not yet clear; by comparison the signals are relatively small. In addition to the chemical-shift changes, several loop resonances of SOD1 mut Zn display significant line broadening, i.e., the resonance peaks disappear, indicating structural exchange on an intermediate NMR time scale, namely microseconds to milliseconds (Fig. 5) . Strikingly, the fast dynamics of the remaining loop resonances remain unaffected by the Zn 2ϩ binding. Taken together these results show that the Zn 2ϩ ion does not suppress the dynamics of loops IV and VII but changes its character. This additional dynamic complexity upon Zn 2ϩ binding to the Cu site is in sharp contrast to the effect of native metal ligation. In holo SOD1 the loop dynamics are severely diminished rendering the loops as rigid as the ␤-barrel (Fig. 5) . Although the precise nature of the loop alterations in Fig. 5 cannot be deduced from the current NMR data, the results show that loops IV and VII are disordered in the solution structure of SOD1 mut Zn ; thus the folding analysis, X-ray structure and NMR data are in full agreement.
Compromise Between Folding and Function. The evolution of biological function sometimes occurs at the expense of structural properties. The functional residues could, for example, decrease protein stability or lead to competing interactions in the foldingenergy landscape (19, 20) . Because of this built-in compromise between function and folding, the functional features are typi- a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a cally developed in connection to loop regions where the energetic and structural penalties of mutations are relatively small (28) . From this perspective, SOD1 stands out as a masterpiece. The entire catalytic site is composed of long loops that protrude from either end of the protein to pinch the Cu and Zn ions against one side of the ␤-scaffold (Fig. 1) . Moreover, the detailed geometry of these loops controls the dimer-interface strength (11, 29) , allows intersubunit communication (30) and orchestrates metal loading by CCS (12) . Function seems to be entirely contained within one piece that is separate from the Ig-like framework. Even so, the high degree of conservation of the ''nonfunctional'' parts of the SOD1 sequence (31) indicates that the development has come at a price. In this study we verify the existence of such a conflict between function and structure in the SOD1 molecule and uncover some of its details. Most strikingly, the ligands of the Cu site have the conflicting ability to pick up Zn 2ϩ in the denatured state, which leads to misfolding of the SOD1 monomer. It is apparent that one role of the native Zn site is to compensate for such misfolding by restricting the active-site loops. However, the very acquisition of the native Zn site seems associated with a second level of structural penalty: Its ligands destabilize the apo structure. In this context, it is notable that the native Zn 2ϩ is not required for enzymatic activity (32) . The primary role of the Zn site seems to be to maintain the structural integrity of the SOD1 Cu site (11) . Even if the implication of this functional frustration for ALS is not yet known, it is interesting to note that the protein that is linked to the cause of this disease has such conspicuous tendencies.
Materials
Protein Preparation. The mutants were constructed on a background of C6A/C111A combined with the dimer-splitting substitutions F50E/G51E (24), coexpressed with yCCS, 3 mM CuSO4 and 30 mM ZnSO4 (33), and purified as described in ref. 5 . Apo protein was prepared as in (2) and buffers were 10 mM Mes or Bis-Tris (SIGMA) at pH 6.3. Zn loading was achieved by incubating 50 or 500 M ZnCl2 with the native protein for 3 h.
Equilibrium and Kinetic Measurements. Equilibrium unfolding and slow kinetics (logk obs Ͻ Ϫ2.5) were done on a Varian Cary Eclipse spectrophotometer (Varian) with excitation wavelength 280 nm and emission at 360 nm and stopped-flow measurements as described in ref. 5 . SOD1 concentration in the detection volume was in all cases 4 M (monomer), and all measurements were done at 25°C, using urea as denaturant (ultra PURE, MP Biomedicals, Inc. 
where Fobs is the measured fluorescence, and a and b are sloping base lines (16) . The kinetic data (Fig. 2) were fitted to the standard 2-state expression (5) logk obs ϭ logͩ 10
where k f H2O and k u H2O are the rate constants at 0 M urea, and mf and mu the slopes of the refolding and unfolding limbs, respectively.
ITC Measurements.
Isothermal titration calorimetry (ITC) experiments were performed on a MicroCalorimeter (MicroCal) with a sample cell volume of 1.43 mL at 25°C. The injected volume was 10 L during 10 s, at intervals of 10 min, and baselines were estimated by Zn-free control. Injection enthalpies and Zn-binding transitions were analyzed by the software MicroCal/Origin (OriginLab) software.
NMR. Standard 1 H, 15 N-HSQC, T1, T2 and steady state heteronuclear NOE experiments were performed on Bruker 700 and 500-MHz spectrometers (Bruker) equipped with a cryogenically cooled triple resonance probe. All experiments were performed at 25°C and pH 7.2. Spectra were transformed using nmrPipe and analyzed using the program Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3, UCsf). In the T 1 and T2 experiments the signal attenuation, from 10 different relaxation delays, was fitted to a single exponential decay using MATLAB (Mathworks). * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * ** * * * * * * * * * * * * * * * * * * * ** A B diffracted to 2.2 Å resolution and belong to space group P3121, with 1 molecule in the asymmetric unit and a solvent content of 30.6%. Further the crystals were soaked with 1 mM methyl mercury chloride for 26 h before data collection to label the potentially reduced Cys-57-Cys-146 disulfide bond. No traces of mercury are found in the structure indicating that the Cys-57-Cys-146 bond is formed (Table S1 ). The crystals were cryoprotected using 15% glycerol in the mother liquor. All crystallographic data were collected at 100 K at the I911-3 station of MAX-lab, Lund, Sweden. Structure determination was as described in Table S2 and the coordinates have been deposited in PDB with ID code 3HFF.
